We report the IR properties of planetary nebulae with WR type and wels central stars known to date and compare them with the IR properties of a sample of PNe with H-rich central stars. We use near-, mid-and far-IR photometric data from archives to derive the IR properties of PNe. We have constructed IR colour-colour diagrams of PNe using measurements from 2M ASS, IRAS, W ISE and Akari bands.
INTRODUCTION
The planetary nebula phase (PN, plural PNe) occurs in the evolution of low-and intermediate mass stars after the end of AGB phase and before the resulting white-dwarf configuration.
Based on the surface composition, the central stars of PNe (CSPNe) are divided into two groups i.e. hydrogen-rich and hydrogen-deficient (Mendez 1991) . The central stars of most PNe are in the first group (Todt, Grafener & Hamann 2006) which have thin hydrogen burning envelope and show hydrogen abundance close to the cosmic value on the surface (normal PNe, hereafter) . About 30% of the CSPNe (Mendez 1991) belong to the second group where hydrogen is depleted in the stellar atmosphere and helium and carbon are the most abundant elements. From their spectral appearance one can distinguish between different types of hydrogen deficient CSPNe. A sizeable number of CSPNe (about 7%) are known to exhibit Wolf-Rayet type spectrum (hereafter [WR] stars; see Crowther 2008) . [WR] stars have hydrogen deficient atmospheres and display broad emission lines of highly ionized carbon, oxygen and helium. They exhibit fast stellar winds (with terminal velocities up to 3000 km s −1 ) with high mass-loss rates, up to two orders of magnitudes higher than the normal CSPN. Their spectra resemble the spectra of massive population I Wolf-Rayet stars of the carbon sequence. However, [WR] stars are low mass stars with degenerate structure.
There is another group of CSPNe which show weak and narrow emission lines at the same wavelengths as those of [WR] stars which are called the weak emission lines stars (wels). However, unlike [WR] stars which are strictly hydrogen-deficient, the wels do not necessarily have hydrogen-deficient atmospheres, though many of them do (Hajduk, Zijlstra & Gesicki 2010) . Weidmann, Mendez & Gamen (2015) find that at least 26% of wels are H-rich O stars. The PNe with [WR] stars ([WR] PNe) are stronger emitters in the IRAS 12µm band (Zijlstra 2001) compared to other PNe and also show the presence of PAH emission . Some hydrogen deficient stars also show dominant absorption lines like PG 1159-035.
The emission spectra of [WR] stars reflect physical processes which are different from other CSPNe. The WR-type emission lines of CSPN are interpreted as evidence of strong stellar winds. Detailed spectral analyses have shown that [WR] stars lose mass at a rate of 10 −6 M yr −1 (Leuenhagen, Hamann & Jeffrey (1996) ; De Marco et al. 1997 ). This is up to two orders of magnitude higher than the typical mass-loss rate of a CSPN having hydrogen-rich atmosphere. A quantitative classification of [WR] stars based on the strengths 2006). The born-again ejecta show high fraction of carbonaceous dust, which requires large amount of carbon and very efficient dust formation (Borkowski et al. 1994 , Zijlstra 2001 ).
However, the abundances of born-again ejecta in the PNe A30 (Kingsburgh & Barlow 1994) and A58 (Wesson et al. 2008 ) are oxygen and neon rich as expected from a nova-like ejection.
Alternative theories were proposed on the origin of [WR] PNe, some of them were based on binary interaction (De Marco 2008) . However, the close binary fraction of CSPNe observed for [WR] PNe could be much lower than that for the hydrogen-rich PNe (Miszalski et al. 2009 ). In order to find if there is an evolutionary connection between [WR] stars and wels and how they are different from the evolutionary path followed by the central stars of normal PNe, it is required to investigate in detail the gas and dust properties of PNe surrounding these stars. Parthasarathy et al (1998) found that the characteristics of the spectra of wels are very similar to that of [WC]-PG1159 and they suggested an evolutionary sequence of [WCL] → [WCE] → wels to PG 1159.
A comparative study between PNe with emission line central stars and PNe with hydrogen rich central stars was given earlier by Acker, Gorny & Cuisinier (1996) . Gesicky et al. (2006) have studied the kinematics and photo-ionization of nebula around [WR] stars. The chemical composition and other properties of 30 [WR] PNe and 18 wels-PNe were studied and were compared to a sample of normal PNe by Girard, Koppen & Acker (2007) . analysed the IR properties of 49 [WR] PNe and addressed the dust content using near-and mid-IR photometric and spectroscopic observations gathered from the literature.
More [WR] PNe and wels-PNe are known now and a few [WR] PNe have been reclassified.
In this paper a uniform analysis of PNe surrounding [WR] and wels central stars known to date is provided and compared with the IR properties of PNe around non-emission line central stars in order to address if their evolution is connected. We have updated previous IR photometric studies with all [WR] PNe (99) known to date and derive the IR colour-colour diagrams of PNe and their nebular and dust properties. We also use W ISE and Akari photometric observations in addition to 2M ASS and IRAS data. Far-IR Akari data are used to trace the coolest dust of these PNe. The excitation classes of these PNe were also derived and are used. We make similar studies for a sample of 67 PNe with wels central stars known to date and a sample of randomly selected 100 normal PNe. We constrain the properties of [WR] PNe, wels-PNe and normal PNe and compare them taking into account previous studies. Finally, we discuss the nature of these three groups of PNe and address if there are evolutionary connections between them.
All the data required for this study were taken from the literature. The near-IR fluxes were calculated from the magnitudes at respective wavelengths which were obtained from the 2M ASS archive (Cutri et al. 2003) archive. IRAS (Neugebauer 1984) fluxes at 12-, 25-, 60and 100µm and W ISE (Wright et al. 2010; Cutri et al. 2012 ) fluxes at 3.4-, 4.6-, 12-and 22 µm were used to span the mid-and far-IR emission. In addition, we have used archived fluxes from Akari (Ishihara et al. 2010 ) at its 65-, 90-, 140-and 160-µm bands to trace the emission from cold dust down to ∼ 30K. The 2M ASS and Akari data used for this study are available at the NASA/IPAC Infrared Science Archive 1 . All archival data we have used for this study have uncertainty measurements.
Our sample of [WR] PNe and wels-PNe are from the catalogue of spectral classification of CSPNe given by Weidmann & Gamen (2011) . We have taken the nebular Hβ fluxes and electron densities from Stasinska & Szczerba (1999) . Emission line fluxes of [OIII] and He II are obtained from Strasbourg-ESO Catalogue of Galactic Planetary Nebulae (Acker, Ochsenbein, Stenholm et al. 1992 ). Distances to PNe in our sample are from Frew, Parker & Bojicic (2016; FPB16 hereafter) which were derived using H α surface brightness of the nebula vs its radius relationship. Recently, the distances for a sample of 16 PNe were given by Schonberner et al. (2018) using nebular angular expansion, and 128 PNe were given by Stanghellini et al. (2019) using GAIA parallaxes measurements (second GAIA release).
These authors have also compared their values with the distances given by FPB16 and have shown that they are in reasonably good agreement, though for a few cases the values differ.
Moreover, FPB16 have the distance measurements for all candidates in our sample. We have also taken the E(B − V ) values of PNe from FPB16. Some objects do not have IR data in some bands and/or they do not have the nebular Hβ flux and/or density and/or distance measurements.
IR COLOUR-COLOUR DIAGRAMS
IR colour-colour diagrams (CCDMs) are useful tools in studying the IR properties of celestial objects and are frequently being used by astronomers (Persi et al. 1987; Yerra et al. 2015) .
If the fluxes measured at two IR bands are f λ1 and f λ2 then the colour between the two 6 respective bands with central wavelengths λ1 and λ2 can be defined using the relation given by Plets et al. (1997) :
where, K λ1 and K λ2 are the colour correction factors for the bands with central wavelengths λ1 and λ2 and z 1 and z 2 are their respective zero magnitude fluxes. For IRAS and Akari bands, where the measurements are given in fluxes, we have calculated the colours using this relation. For 2M ASS and W ISE bands, where the measurements are in magnitudes, we have taken the difference of magnitudes at the two bands as the colour.
The colour correction factors for IRAS photometry were taken from Neugebauer et al.
(1984) corresponding to a power law spectral index of -1 and their zero magnitude fluxes are 28.3-, 6.73-, 1.19-and 0.43 Jy respectively at 12-25-, 60-and 100µm bands (taken from http : //www .ipac.caltech.edu/IRASdocs/exp.sub.ch6 /C2a.html ). For the Akari bands, the colour correction factors for spectral index -1 at 65-, 90-, 140-and 160 µm and the zero magnitude fluxes at these bands were taken from Shirahata et al. (2009) . We have calculated the colours between two IRAS bands if the fluxes at these bands are given with uncertainty.
The maximum error in the IRAS fluxes of our sample is 16%. Though there are many PNe which have W ISE as well as IRAS measurements, some have either of that. In the following sections we discuss the CCDMs of near-IR, mid-IR and in far-IR bands for [WR] PNe, wels-PNe and normal PNe.
Near-IR colour analysis
Near-IR radiation from PNe consists of atomic emission lines and free-free and free-bound nebular continuum. In addition to this, hot dust present in the nebula also emits near-IR continuum and near-IR CCDM can bring out the dominant source of radiation at this wave band. We used the 2M ASS photometric measurements to calculate near-IR colours. Though some PNe in the sample have near-IR data from other sources, we have taken the 2MASS data to be consistent and to make the study uniform with other PNe which have only 2MASS
data. The emission from PNe at this band can suffer significant extinction by interstellar dust on its way to the observer. Hence, interstellar reddening corrections were applied to the photometric measurements using the relations given by Whitelock (1985) . which needs to be investigated. 
Mid-IR colour analysis
Mid-IR radiation of PNe originate mostly from their warm, thermal equilibrium dust component which are at a typical colour temperature of ∼ 150K -300K. This dust was created in the cool and dense atmosphere of the AGB progenitor and is being heated by the hard UV radiation from the central star of the PN. The warm dust emission of a PN can be better traced by the N band (10µm) flux and also is seen in the Q band (20µm). In addition to this, the N band also includes the emission features of the Polycyclic Aromatic Hydrocarbons (PAH) and the atomic forbidden transitions. We construct the CCDMs using W ISE bands at 3.6-, 4.5-, 12-and 22µm and IRAS bands at 12-, 25µm to study the properties Table 4 shows the average values of mid-IR colours with their dispersions (or the range) of [WR] PNe, wels-PNe and normal-PNe.
Based on these colours we discuss the similarities and differences in the properties of warm AGB dust between these three groups of PNe. PNe. This also in turn indicates a possibility of a brighter 12µm band for [WR] PNe as compared to the other two groups. This was also suggested earlier by Zijlstra (2001) for a set of 40 [WR] PNe using IRAS data. Though the 12µm band is contaminated by atomic lines, the presence of strong PAH emission in this band can dominate over the atomic line fluxes, as discussed by Stasinska & Szczerba (1999) the emission from atomic lines become more important only for more evolved PNe. If we take that the contribution from atomic lines are not very important or that they are similar for all the three groups considered in this study, then the tendency for a brighter 12µm band shows that [WR] PNe likely to have stronger PAH emission as compared to wels-PNe and normal PNe. All the three CCDMs show that wels-PNe are least scattered in the mid-IR colour-colour plane. The wels-PNe are distributed with a spread which is ∼ 50% lower than that for the normal-PNe, and the [WR] PNe are distributed similar to the normal PNe (see Fig 2 and Fig 3a) . It shows that the mid-IR colours of wels-PNe group do not evolve that significantly as compared to that of the other two groups.
Far-IR colour analysis
The continuum emission from cool AGB dust in PNe (T d less than 150K) can be best traced by the 25-and 60µm bands of IRAS, where the contamination due to dust features and atomic emission lines are minimal (Stasinska & Szczerba 1999 PNe and normal PNe shows D = 0.138, P = 0.63 and between the distributions of wels-PNe against normal PNe shows the values of D = 0.127, P = 0.58. This brings out that the distribution of normal-PNe with Galactic latitude is somewhat different from that of [WR] PNe and of wels-PNe.
[WR] PNe and wels-PNe are concentrated near the Galactic plane, however, normal PNe are commonly seen at higher latitudes. This is in contrast with the suggestion given by Acker, Gorny & Cuisinier (1996) . 
GAS AND DUST PROPERTIES
The properties of gas and dust components of [WR] PNe, wels-PNe and normal-PNe were derived using IRAS photometric data and are given in Table 2 , Table 3 and in Table 4 respectively. In this section we discuss these properties in more details.
Dust Colour Temperature
The colour temperature of thermal equilibrium dust in a PN can be derived using its continuum fluxes at IRAS 25-and 60µm bands. Though there is a distribution of dust temperature Table 3 . Nebular parameters derived for wels-PNe (see the text for details) and λ 2 in the optically thin limit is:
where, B λ 1 (T d ) and B λ 2 (T d ) are the values of Planckian function at λ 1 and λ 2 for T d . We fitted the IRAS fluxes using this function with an emissivity index α = 1 to obtain T d . The dust colour temperatures were computed for PNe if their IRAS 25-and 60µm fluxes are available with error estimates. The assumed value of α is typical for micron-sized grains.
The colour temperatures for PNe were earlier derived by Zhang & Kwok (1993) using IRAS fluxes with a blackbody model (α = 0) fit. However, dust do not emit like blackbodies and as discussed earlier, a modified black body curve with α = 1 represents the continuum emission from circumstellar dust better. Increasing the value of α will result a lower colour temperature for dust. The error in dust colour temperature is due to the errors in the IRAS fluxes for a given α. This error was examined by fitting the curve to extreme ranges in the flux ratios. The error in T d estimation never exceeded 10% and we have kept this as the error in T d estimation. The mean dust colour temperatures of [WR] PNe, wels-PNe and of normal-PNe were derived and are found to be quite similar taking their respective dispersions (or the observed ranges) into account (see Table 5 ). 
PNe are often non-spherical in shape. The values of θ for all PNe in our sample are calculated from their angular sizes of major and minor axes given in FPB16, by equating the area. We could not estimate the error in S Hβ as the errors in angular extends of optical nebulae are not available; however, it is unlikely that the error in S Hβ will be significant enough to change the trends seen in our analysis. Fig 7a shows Pottasch et al. (1984) . However, we resolve
[WR] PNe, wels-PNe and normal-PNe in our dust colour temperature plot against age. To quantitatively find the strength of correlation between T d and S Hβ , we estimate the Pearson correlation coefficient with an associated probability (r, p) for the three groups of PNe and they are also shown in the figure. The values of (r, p) indicates that the correlation of T d with age is quite tight for all the three groups of PNe. Fig 6a can Together, there is also a continuity in the plot, whereas in Fig 6a each group of PNe shows such a continuity. 
IR luminosity and IR excess
We estimate the IR luminosity (L IR ) of a PN as the total IR continuum energy emitted by thermal equilibrium dust. Hence L IR does not include the emission due to dust features and the emission due to the hot dust component. L IR of a PN is calculated using its IRAS fluxes at 25-and 60µm bands. We fitted a modified blackbody flux distribution function with an emissivity index α = 1, and integrated the whole curve to get L IR . Error in L IR was estimated from the error in the integrated flux and from (and dominated by) the error in distance measurement which is given in FPB16. The IR excess (IRE) represents the excess amount of L IR in terms of what can be accounted by absorption of Lyα radiation produced in the nebula. The IRE of a PN was calculated from its L IR and its reddening corrected nebular Hβ flux using the relation given in Stasinska & Szczerba (1999; equation 6) . The error in IRE was estimated from the errors in respective parameters used to calculate IRE. A plot on the variation of L IR and IRE of PNe against their S Hβ will be useful to address how these parameters change as the PN evolves. Fig 6c shows Stasinska & Szczerba (1999) for their sample. This is in contrast with the suggestion given by Pottasch et al. (1984) who had studied L IR and IRE of PNe and proposed that younger PNe have higher IRE. As a PN expands to a larger size and the central star is becoming hotter, its L IR drops steadily keeping the IRE constant.
The average values and dispersions of L IR and IRE for the three groups of PNe were computed and are compared in Table 5 . As it can be seen in the PNe implies that L IR decreases with the nebular H β flux for a PN as it expands.
Dust mass and dust-to-gas mass ratio
The dust masses and the dust-to-gas mass ratios of PNe are also examined in order to understand the nature of the three groups of PNe considered in this study. For an optically thin dust cloud, a criterion which is readily fulfilled in and above the mid-IR region for the thermal grains of PNe, the total dust mass can be obtained from the continuum flux observed at one band where the dust emission dominates. If m d is the total dust mass of a PN, it is calculated from the dust temperature and flux at an IR band in the optically thin limit using the following relation (Stasinska & Scczerba 1999) :
where, D is the distance to the nebula, F ν (λ) is the flux at an IR band (we have taken the flux at IRAS 60µm which is least contaminated by atomic emission) and B ν (T d ) is the Planckian function at frequency ν (corresponding to 60µm) for a dust colour temperature of T d . Q abs,ν (λ) is the dust absorption coefficient at λ, which has a value of 74 cm 2 g −1 at 60µm.
The error in m d was estimated from the errors in respective parameters used to derive m d and is dominated by the error in distance.
Dust masses were estimated for all PNe for which IRAS 60µm fluxes are available with error measurements. Fig 7b shows The derived values of m d /m g are plotted against S Hβ for the three groups of PNe in Fig 7b and their (r, p) values are shown. As it can be seen in the figure, m d /m g is not correlated
with the age of the nebula, as also was noted by Gorny et al. (2001) . These observed trends imply that dust destruction is inefficient as a PN evolves. In contrast, Pottasch et al. (1984) suggested from a sample of 46 PNe that m d /m g decreases with nebular radius and hence with nebular age.
The mean values of m d /m g were estimated for [WR] PNe, wels-PNe and normal-PNe which are shown in Table 5 along with their dispersions. All the three groups of PNe show similar mean values, taking the dispersion into account. Gorny et al. (2001) also have suggested that there is no significant difference in m d /m g for [WR] PNe and non-[WR] PNe.
As the mean dust mass tends to have a larger value for [WR] PNe (and wels-PNe), similar values of mean m d /m g for all the three group of PNe possibly shows that [WR] PNe (and wels−P N e) have proportionally larger mean gas mass than normal-PNe. The mean electron densities (n e ) for [WR] PNe, wels-PNe normal-PNe are also similar ( Table 5 ).
The chemical nature of the grain (amorphous carbon or amorphous silicate) in PN can also contribute to the estimation of T d , m d , m d /m g , L IR and IRE. To derive the nebular and dust parameters above we have considered a dust emissivity index of α = 1 and Q abs,ν (λ) = 74.38 (Stasinska & Szczerba 1999) , which are more suitable for amorphous carbon grains. If the grain type is chosen to be amorphous silicate then α ∼ 2 and Q abs,ν (λ) = 53.45 (Stasinska & Szczerba 1999) ; which will result about 30% difference in the derived values of T d , m d and m d /m g and a few percent decrease in the L IR and IRE. The mean nebular and dust parameters for the three groups of PNe taking the grains to be amorphous silicates are also given in Table 5 along with their respective values derived for amorphous carbon grains.
As noted by Stasinska & Szczerba (1999) Gorny & Stansinska (1995) . However, many of the wels appear in Mendez (1991) are oxygen rich stars and are related to variable stars with oxygen-rich circumstellar shells (Acker, Gorny & Cuisinier 1996) . The grain chemistry is not known for many of the PNe in our sample.
Excitation class of a PN is an important parameter which represents the nebular spectral class. It is related to several parameters of the PN like the nebular structure, mass, chemical compositions and the temperature and luminosity of its central star as discussed by Gurzadyan & Egikyan (1991) . Using the relations given by them to derive the excitation classes of PNe, we attempt to see if there are differences in the distributions of spectral . Data description as given in Fig. 1 Table 1 ). 
DISCUSSION
We discuss here using our results and those available in the literature if there is a possibility for evolutionary sequences between different groups of PNe considered in this study.
Evolutionary Sequence between the subtypes of [WR] PNe
AN03 showed that the central star PNe and commonly observed for wels-PNe but it is quite rare for normal PNe. They suggested that one group of wels may have an evolutionary connection with the [WO] stars as the photospheric temperature increases, otherwise [WR] and wels appear to represent independent evolutionary tracks. Girard, Koppen & Acker (2007) found from their analysis of chemical compositions of a sample of [WR] PNe and wels-PNe that wels-PNe evidently belong to a separate subclass of PNe, and unlikely they have evolutionary connection with
[WR] PNe.
From Fig 6a and Fig 6c we Table 1 and Table 5 are narrower than their respective dispersions shown by other two groups suggesting that they are relatively homogeneous. and 2502L for A30. IRAS measurements for A78 are not available and hence these values were not calculated. Zijlstra (2001) suggested an evolutionary sequence of A58 → IRAS 15154-5258 → A30/A78 and argued the weaker winds in A30/A78 could be due to their declining luminosity. Though our study argues that [WR] PNe and wels-PNe do not form an evolutionary sequence, it requires still more work to be done addressing all the related findings to reach a final conclusion.
CONCLUSIONS
The main conclusions of the paper are the following: 
